Abstract-A review of the experimental literature documenting water uptake in yttrium-doped barium zirconate in combination with new results obtained here show that much of the observed scatter can be explained in terms of barium deficiency, which furthermore induces a lowering in cell volume. In addition, through a comparison of weight changes under regular and heavy water vapor pressure, strong evidence is found for bulk oxidation of the oxide by water simultaneous with hydration.
Introduction
Amongst proton-conducting oxides, yttrium-doped barium zirconate (BYZ) has emerged as a highly attractive material because of the combination of high conductivity and excellent chemical stability it affords [1] [2] [3] . The cubic nature of this perovskite additionally suggests a simplicity that is appealing both scientifically and technologically. Furthermore, although the refractory characteristics introduce processing challenges, viable approaches have recently been developed for achieving high-density and large-grained materials at accessible sintering temperatures [4, 5] . Such processing not only reduces fabrication costs but, by decreasing the number density of high-resistance grain boundaries, also increases the overall material conductivity. Despite this progress, there remains considerable scatter in the reported properties of yttrium-doped barium zirconate as related to its bulk defect chemistry and hydration characteristics, factors that must be fully characterized if one is to realize electrochemical devices such as fuel cells, electrolyzers and hydrogen separation membranes based on this material. The present contribution aims to assess the source of these discrepancies. From a review of the literature and new data presented here, we conclude that substantial variations in material stoichiometry can account for some of the scatter. Simultaneously, the methods of evaluating water uptake and extracting thermodynamic data must be carefully addressed for ensuring reliable and meaningful results.
Defect chemistry and phase behavior
Proton incorporation into perovskites relies on first doping the material so as create oxygen vacancies. In the specific case of yttrium-doped barium zirconate, one aims to replace a portion of the Zr 4+ ions with Y 3+ ions, which, for charge balance reasons, implies the generation of the desired oxygen vacancies. The dopant incorporation reaction is formally written, in Kroger-Vink notation, as:
In the ideally doped material, all of the barium (or A) sites remain fully occupied by Ba 2+ ions and all of the zirconium ( ) falls in a global sense below 1. Several defect chemical scenarios by which the material may accommodate this modification to the overall stoichiometry can be envisioned. A step back from the local defect chemistry to the global phase behavior provides some indication as to which scenario predominates. Figure 1 shows the phase behavior in the BaO-ZrO 2 -YO 1.5 system. Pseudo-ternary diagrams for 1600°C as reported by Imashuku et al. [6] and by Yamazaki et al. [7] are presented, along with the pseudo-binary diagram in the BaO-ZrO 2 system as reported by Paschoal et al. [8] .
A horizontal line from 0.5BaOÁ0.5ZrO 2 to 0.5BaOÁ0.5YO 1.5 in the pseudo-ternary diagrams corresponds to the set of compositions of the ideally doped material, whereas the region just below this line corresponds to the barium-deficient compositions. The global phase behavior indicates that the yttrium solubility in the ideal case is $30 at.%, whereas in the barium-deficient case it reaches $50 at.%. The phase behavior further indicates that no barium excess is tolerated in the perovskite structure, irrespective of the [Zr]/[Y] molar ratio. The implication is that any hypothetical set of defects that could accommodate barium excess (e.g. Zr and O vacancy pairs or Ba and O interstitial pairs) are thermodynamically unfavorable. While not directly relevant to the hydration characteristics of the perovskite phase, it is noteworthy that such compositions yield secondary phases such as BaO and Ba 2 ZrO 4 [8] that can assist in sintering, but readily form hydroxides [9, 10] and carbonates [7, 11] upon reaction with atmospheric water and carbon dioxide, inducing mechanical disintegration of sintered compacts. It is also of some significance that at very high yttrium concentrations, perovskite phase separation between yttrium-rich and yttrium-poor compositions occurs, as has been reported also for lower temperature studies [6, [12] [13] [14] .
Returning to the characteristics of the primary perovskite phase, the observation that compositions with [Ba]/([Zr] + [Y]) < 1 form single-phase perovskites does not immediately reveal the local defect chemistry. In an earlier work by the present authors [7] , it was observed that undoped barium zirconate does not tolerate detectable levels of barium deficiencies, similar to the behavior of barium cerate [11] . This feature of the BaO-ZrO 2 psuedo-binary system was indeed reported much earlier by Paschoal et al. [8] . Accepting that undoped barium zirconate does not tolerate barium deficiencies, the single-phase behavior of the doped systems can be directly linked to the presence of the dopant. The more comprehensive phase diagram study of Imashuku et al. [6] , however, is in disagreement with the observations in Refs. [7, 8] , and these authors find that even 0.9BaOÁ1.0ZrO 2 yields singlephase perovskite, suggesting that the dopant is not essential to the stabilization of the perovskite phase. Given these discrepancies, we turn to the crystallographic behavior of yttrium-doped barium zirconate to give insight into the local defect chemistry in barium-deficient compositions.
For an ideal composition with dopant incorporation according to reaction (1) [7, 14] . Specifically, in addition to reaction (1), dopant incorporation occurs via the following reaction:
Because yttrium is smaller than barium (R (Fig. 2a) [7] . The single-phase perovskite is maintained to a barium deficiency of x = 0.082, where this is the post-synthesis, measured value as opposed to the nominal value. Across the single-phase region, the cell constant decreases monotonically with increasing x, with greatest sensitivity at small values of x. Such a reduction in cell constant supports the proposition of dopant partitioning in barium-deficient stoichiometries. It does not, however, rule out the possibility of some accommodation of barium deficiency via the formation of barium and oxygen vacancies pairs. A change in the defect chemistry in this manner could also induce a reduction in cell volume, but presumably to a much lesser Figure 1 . Phase behavior in the BaO-ZrO 2 -YO 1.5 pseudo-ternary system: pseudo-ternary phase diagrams at 1600°C after (a) Imashuku et al. [6] and (b) Yamazaki et al. [7] ; and (c) pseudo-binary phase diagram in the BaO-ZrO 2 system after Paschoal et al. [8] . Reproduced with permission from Refs. [6] , [7] and [8] , respectively. In (a) "BZY424" is a yttrium-rich perovskite-like phase. In (b) inset shows expansion of circled region. extent due to the small difference in volumes between occupied and vacant sites [16] .
The defect chemistry of barium-deficient, doped barium zirconate is important for two reasons. First, it is immediately evident from reaction (2) that dopant partitioning will lead to a reduction in the number of oxygen vacancies relative to the dopant incorporation mechanism of Eq. (1) applicable to ideally stoichiometric compositions. Second, the combination of high temperature processing and high volatility of barium oxide can result in materials that are unintentionally barium-deficient and hence subject to the unfavorable defect chemistry implied in reaction (2) [7, 11, 17] . A compilation of the literature data of cell volume vs. dopant concentration ( Fig. 2b and Supplementary Table A1 ) [6, 7, 10, 14, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] shows that, indeed, a wide range of values have been reported. While all authors agree that the perovskite cell volume increases with increasing dopant content, the divergence in the data also increases with yttrium concentration. If one considers, in particular, the composition with 20% yttrium, the spread in values corresponds almost exactly to the range over which the single-phase perovskite is known to exist, from maximum barium deficiency (a 0 $ 4.21 Å ) to stoichiometric (a 0 $ 4.23 Å ) [7] . The increasing spread in values with increasing yttrium content is strongly suggestive of dopant partitioning and unintentional barium deficiency as a routine occurrence.
Water uptake
The impact of barium deficiency on water uptake in doped barium zirconate has not been directly examined in the literature, although the implication from Eq. (2) is clear. Hydration is generally presumed to occur by the following reaction:
Hence, the maximum water uptake is dictated by the oxygen vacancy concentration generated by doping. Any dopant partitioning as a result of barium deficiency would lower the oxygen vacancy concentration, thereby lowering the H 2 O uptake. To directly evaluate the link between barium deficiency and water uptake, we prepared a series of 10% Y-doped samples with differing extents of barium deficiency, while remaining in the single-phase (perovskite) region. Samples were synthesized using a chemical solution method [4, 7] which enables precise control of barium deficiency. Pressed compacts were embedded in sacrificial BYZ10 powders and sintered at 1600°C for 24 h under flowing air. The surface regions of the sintered pellets were removed by polishing. The remaining material was attritor-milled at 500 rpm for 4 h in order to reduce the distance for bulk H 2 O diffusion and enhance equilibration kinetics. As is customary in the literature, we employed isothermal thermogravimetric analysis under humidified inert gas to probe the extent of hydration. Specifically, samples were first heated to 1000°C under dry ultrahigh-purity nitrogen (10 ppm O 2 ) and held for 1 h to remove any surface adsorbates and attain a nominally dry reference state. The supply gas was then humidified (pH 2 O = 0.021 atm) and weight changes recorded stepwise on cooling. Each 100-50°C step change in temperature was followed by an equilibration period of 30 min at a high temperature (P400°C) and 120 min at a low temperature (50-350°C).
The results (Fig. 3 ) reveal the profound influence that cation non-stoichiometry plays on the water uptake in doped barium zirconate (where, again, the actual postsynthesis barium deficiency as measured by chemical analysis is reported). Despite the identical yttrium content, the water uptake values differ by a factor of three, quite consistent with the factor of three variation in barium non-stoichiometry, with the most barium-deficient sample incorporating the smallest quantity of H 2 O. Thus, precise control of stoichiometry is essential for maximizing water uptake, which, in turn, establishes proton conductivity. The data further reveal the influence of surface sorption of H 2 O. Weight gain rises sharply as the temperature is lowered beyond $200°C, reaching a value, in the case of the x = 0.03 sample, that exceeds the yttrium dopant concentration on a per mole basis. The relatively high specific surface area of the materials employed here exaggerates this effect but, nevertheless, the result underscores the importance of differentiating between surface and bulk H 2 O. At very high temperatures the onset of dehydration is evident, thus $400°C is a suitable temperature at which to compare bulk H 2 O uptake values.
The literature data for H 2 O uptake in yttrium-doped barium zirconate (all collected at partial water vapor pressure of close to 0.023 atm) show a scatter that bears some resemblance to the scatter in lattice constants. This is evident in Figure 4 , in which the uptake at 400°C is presented (Fig. 4a) , alongside a plot of the cell parameters for the same set of materials (Fig. 4b ) [6, 7, 10, 14, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Again, all authors agree that proton concentration increases linearly with increasing yttrium content, in agreement with Eqs. (1) and (3) . Further, the variation in the uptake results also increases with increasing yttrium content. In light of the results in Figure 3 , it is tempting to assign these variations to differences in cation stoichiometry, which would be reflected in the variation of cell constants. The correspondence between the uptake and cell constant summaries presented in Figure 4 suggest a correlation between these quantities, but one that is not absolute. The highest water uptake data are reported by Kreuer et al. [19] and, indeed, the materials examined by these authors display high lattice parameters, suggesting minimal barium deficiency. Fabbri et al. [22] report cell constants that are almost identical to those of Yamazaki et al. [20] , yet the uptake values differ significantly. This may reflect the relative insensitivity of cell volume to barium deficiency with increasing deficiency (Fig. 2a) . The measured barium deficiencies of the Fabbri samples are 3-5 at.% [22] . The Yamazaki samples [20] were not subjected to chemical analysis; however, incorporation of excess zirconia during high energy milling is suspected, explaining both the relatively small cell constants and the low H 2 O uptake. The variation in uptake values reported by Iguchi et al. [10] for the 15 at.% doped composition corresponds to differences in processing conditions. In the absence of chemical analysis or complete data for unit cell parameters, however, it cannot be established whether cation non-stoichiometry has played a role. Newly prepared samples in this work, fabricated so as to minimize barium loss, are found to absorb water to levels comparable to those reported previously by Kreuer et al. [19] . This summary indicates that key uncertainties remain with respect to the absolute values of water uptake in doped barium zirconate. Barium loss plays a role in the observed scatter, but is not the sole source. Barium nonstoichiometry can be detected from cell constant changes, but the relatively weak correlation (for example, the cell constant of 10 at.% yttrium-doped barium zirconate is almost completely insensitive to stoichiometry) implies that direct measurements of chemical composition are critical for quantitatively evaluating defect chemistry and hydration behavior. The ease with which the material adopts a barium-deficient stoichiometry further suggests that careful synthesis procedures are required to attain desired chemical compositions.
Assumptions of thermogravimetric analysis
Inherent in the use of thermogravimetric analysis for the measurement of H 2 O incorporation into oxides is the assumption that the entirety of the weight change is, in fact, due to hydration/dehydration. At first glance this appears to be an innocuous assumption, presuming that any carbonate that might interfere with the measurements has been removed. However, this assumption overlooks the possibility that weight change might also occur as a result of oxidation of the oxide by water rather than simple hydration. Oxidation of the redox active material ceria by H 2 O is well established and has recently become the basis of thermochemical production of hydrogen [29] . It is thus plausible that an analogous reaction might occur in doped barium zirconate. Given the predominant singlevalency of the constituent cations, such an effect would be expected to be small, but not necessarily negligible.
In the absence of H 2 O, the oxidation reaction is given as
Because of the high entropy of gaseous phases, both dehydration and reduction are favored at high temperatures, i.e. both reactions (3) and (4) are driven to the left. As temperature is lowered in a humid environment, the well-documented hydration of the oxide occurs, but must do so in competition with
This water-based oxidation of the oxide is thermodynamically related to the oxygen-based oxidation through the gas-phase equilibrium of H 2 , O 2 and H 2 O, and thus Eqs. (4) and (5) cannot be treated as independent reactions. Nevertheless, to a first approximation, if the enthalpy for the redox reaction, Eq. (4), is larger than that for the hydration reaction, Eq. (5), the thermodynamics will favor, in appropriately humid atmospheres, oxidation at intermediate temperatures and hydration at the lowest temperatures. The enthalpy of oxidation of barium zirconate, Eq. (4), has not been reported in the literature, but in the case of the related material, barium titanate, it is 89 kJ mol À1 [30] . The enthalpy of hydration of proton conducting perovskites has been the subject of extensive study [31] . Reported values for yttrium-doped barium zirconate range from 22 to 93 kJ mol À1 [20] . From these values alone one cannot directly assess whether oxidation contributes to the weight change, but the possibility is suggested. Furthermore, in the majority of hydration studies, the oxidation reaction is a priori assumed to be negligible, and the extracted thermodynamic values will be biased by this assumption if it is unjustified.
Ideally, one would want to measure weight change under fully dry conditions to determine the thermodynamics of oxidation. Weight change upon subsequent exposure to humidity would then, in combination with the known oxidation behavior, yield the hydration thermodynamics. In practice, ensuring the absence of residual H 2 O in the oxide can be problematic. We pursue here an alternative Figure 4 . Compilation of literature reported data for the properties of yttrium-doped barium zirconate as a function of yttrium content: (a) water uptake at 400°C and (b) cell constant. Maximum uptake possible assuming all vacancies generated by doping become occupied by hydroxyl groups is indicated in (a) with a dashed line. The numbers in the legend of (b) refer to the literature source (being the same for (a)), with information provided in Table A1 of the online supplementary material.
strategy that relies on the difference in molecular weight between H 2 O and D 2 O. The chemical similarity between these two species implies that D 2 O uptake will occur analogously to H 2 O uptake, i.e. according to reactions (3) and/or (4). Assuming identical equilibrium constants for hydration under regular and under heavy water, the molar uptake of H 2 O and D 2 O under any given set of thermodynamic conditions will be identical. Thus, humidification under H 2 O will give rise to a total weight change of the perovskite which can be described as
whereas under D 2 O the weight change will be
where Dw (3), and Dw O is the weight change due to the redox reaction (Eq. (4)). By taking the difference between the weight changes under heavy and regular water, one eliminates the contributions due to the redox reaction. Specifically,
from which one readily computes the molar uptake of H, n H , which, in turn, is exactly twice the (actual) molar uptake of H 2 O, n H 2 O . With the true weight change due to hydration known, it is then straightforward to compute the weight change due to oxidation alone, and hence the exent of reaction (5) . Implementation of such a measurement strategy requires extreme care. The theoretical maximum weight change due to hydration of 20 at.% yttrium-doped barium zirconate with ½OH
Zr is $0.7 wt.%. The weight difference between D 2 O and H 2 O containing samples is lower still, $0.07 wt.%. To provide a sufficient weight difference between saturation by these two gases, a large amount of powder is required. In this work a sample of $3 g was utilized. In such a case, 0.07 wt.% of the sample weight corresponds to 2.1 mg, which is much higher than the actual experimental errors, 620 lg, in thermogravimetry (Netzsch STA 409, with buoyancy correction applied). Moreover, to ensure equilibration at each temperature, measurements were performed on cooling, with long dwell times after each step change in temperature: 30 min at high temperature (P400°C) and 120 min at low temperature (50-350°C). Humidification was achieved by bubbling the inlet gas, N 2 with 10 ppm O 2 , through H 2 O or D 2 O to give 0.021 or 0.018 atm, respectively (where the difference is due to the difference in equilibrium vapor pressures at any given temperature [32] ).
The thermogravimetric data for 20 at.% yttriumdoped barium zirconate clearly show the expected weight difference for humidification under D 2 O relative to that under H 2 O (Fig. 5) . Furthermore, the raw data (Fig. 5a ) indicate that equilibration has been reached at each temperature for both sets of measurements, justifying the proposed analysis approach for deconvoluting hydration from oxidation. The computed water concentration (Fig. 6 ) reveals a remarkable result. Specifically, the difference in weight change under H 2 O and D 2 O at temperatures of 400°C and higher is smaller than what one expects for weight change that is entirely due to hydration. Such behavior is entirely consistent with weight change that is a result of oxidation by water. That is, the speculation that doped barium zirconate may be oxidized (reaction (5)) in addition to being hydrated by water appears well justified. The apparent oxygen uptake due to the oxidation attains a peak value at a temperature of $500°C. The decrease in weight at higher temperatures can be attributed to both dehydration and reduction. Because the absolute oxygen content at the reference state (1000°C, dry N 2 , p O 2 = 10 À5 atm) is not known, it is not possible to evaluate the hole concentration. Nevertheless, the redox behavior is consistent with the observed onset of p-type conductivity in barium zirconate at high temperatures and under moderately oxidizing conditions [33] .
The water content that would be computed under the assumption that the entirety of the observed weight change is due to hydration (dotted line in Fig. 6 ) reveals a substantial overestimation at temperatures of 400°C and greater relative to the true hydration value. This result suggests that the hydration characteristics of proton-conducting oxides, for which oxidation by water has not been explicitly considered, may require re-evaluation. At the lowest temperatures (6150°C), the sharp uptake in weight is attributed to the surface sorption of H 2 O/ D 2 O, as discussed above, and occurs in the absence of any statistically significant surface soprtion of oxygen. 
Conclusions
The attractive chemical, mechanical and electrical properties of yttrium-doped barium zirconate position it as one of the leading electrolyte candidates for intermediate temperature solid oxide fuel cells, particularly where proton transport is desired. It is, moreover, a promising material for a host of other electrochemical applications. Despite, or perhaps as a result of, the abundance of experimental data relating to the water uptake behavior of yttrium-doped barium zirconate, definitive values for the hydration characteristics remain elusive.
We suggest two primary reasons for the current situation. The first regards the extreme sensitivity of the hydration behavior to slight variations in cation stoichiometry, along with the ready loss of barium oxide during high-temperature processing, or even incorporation of excess zirconia from milling media. In the case of 10% yttrium-doped compositions, a factor of three difference in weight change under identical atmospheric conditions is observed for single-phase materials of slightly differing barium content. While lattice constant variations can signal barium deficiency, the sensitivity of the cell volume to composition is not sufficient for accurately assessing cation stoichiometry. Thus, postfabrication chemical analysis is highly recommended for all studies of doped barium zirconate.
The second, perhaps more speculative, factor that may have limited access to thermodynamic hydration behavior is the possible competition between hydration and oxidation when the oxide is exposed to humid atmospheres. A new method for deconvoluting weight changes due to hydration from those due to oxidation involving measurements under regular and heavy water has been pursued. The results suggest that hydration and oxidation can indeed occur simultaneously, corresponding to a competition between hydroxyl groups and oxygen atoms for occupation of vacant oxygen sites. Although oxidation is thermodynamically preferred at low temperatures, hydration is even more strongly preferred. The competition results in maximum oxygen uptake occurring at approximately 500°C. While the measurements here have been performed specifically for yttrium-doped barium zirconate, the measurement methodology is entirely general and can be applied to any material for which hydration and oxidation are suspected to occur simultaneously. As possible oxidation by water has generally not been considered for the majority of proton-conducting oxides, it may be necessary to re-evaluate the thermodynamic characteristics of these materials. Finally, the occurrence of such an oxidation reaction suggests the possibility of water dissociation and hydrogen production using a two-step thermochemical cycle based on barium zirconate, in analogy, for example, to recent cycles demonstrated using ceria [29] .
